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Description
FIELD
[0001] This invention relates generally to the field of

robotic surgery, and more specifically to systems for aid-
ing port placement in robotic surgery.

BACKGROUND

[0002] Minimally-invasive surgery (MIS), such as
laparoscopic surgery, involves techniques intended to re-
duce tissue damage during a surgical procedure. For ex-
ample, laparoscopic procedures typically involve creat-
ing a number of small incisions in the patient (e.g., in the
abdomen), and introducing one or more tools and at least
one endoscopic camera through the incisions into the
patient. The surgical procedures are then performed by
using the introduced tools, with the visualization aid pro-
vided by the camera.

[0003] Generally, MIS provides multiple benefits, such
as reduced patient scarring, less patient pain, shorter
patient recovery periods, and lower medical treatment
costs associated with patient recovery. However, stand-
ard MIS systems have a number of drawbacks. For ex-
ample, non- robotic MIS systems place higher demands
on the surgeon, in part because they require surgeons
to indirectly manipulate tissue via tools in a manner that
may not be natural. Conventional robotic MIS systems,
which may involve an operator viewing a display showing
the endoscopic camera video feed and remotely operat-
ed to manipulate tools based on commands from an op-
erator, may provide many benefits of MIS while reducing
demands on the surgeon.

[0004] However,the locations of the incisions, or ports,
in the patient are important to success of an MIS proce-
dure, particularly those involving robotic MIS systems.
For example, less-than- ideal locations of the incisions
can affect access to the surgical worksite, increase risk
of collisions and other interference between robotic arms,
and/or may not be preferred for patient- specific needs,
procedure-specific needs, and/or surgeon preferences.
[0005] Thus, it is desirable to be able to improve the
process for determining effective port locations on a pa-
tient for a minimally-invasive surgical procedure.

[0006] Drouin et al, in International Conference on Im-
age Analysis and Processing, 17th International Confer-
ence, September 2013, pages 21-29 describe interac-
tion-based registration correction forimproved augment-
ed reality overlay in neurosurgery.

[0007] WO 2015/044184 A1 discloses a marking pen
with a mechanism to switch on and off its drawing capa-
bilities via a retraction/protraction mechanism, which is
builtinto the pen’s housing. The marking pen further com-
prises an LED for a position measurement system.
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SUMMARY

[0008] The invention is as defined in claim 1. Certain
surgical methods may be described with reference to the
apparatus of the present invention. Whilst no claim is
directed to these methods per se, the apparatus is ca-
pable of being used and is intended to be used in such
methods. None of these methods however form part of
the claimed invention.

[0009] Systems and methods for guiding port place-
ment on a patient and maneuvering a robotic arm toward
the port location are described herein. The systems and
methods may, for example, be used in conjunction with
a robotic surgical system.

[0010] Generally,in some embodiments, an apparatus
includes a base, a member, and at least one tracking
element. The base can be configured to couple to a sur-
face of a patient at a preliminary port location for a robotic
arm (e.g., via suction or an adhesive material). The mem-
ber can be coupled to the base and can include a first
end and a second end opposite the first end. The at least
one tracking element can be coupled to the member and
can be configured to allow tracking of the member relative
to the preliminary port location.

[0011] According to the invention, the member is cou-
pled to the base via a flexible joint. For example, the
flexible joint may be configured such that the member is
pivotable relative to the base. In some variations, the
member may be rotationally fixed relative to the base.
[0012] At least one tracking element may be disposed
at the second end of the member, to track movement of
the second end of the member relative to the preliminary
port location. The tracking element may, for example,
include an infrared reflective material, an electromagnet-
ic transmitter, or any suitable tracking marker or other
tracking technology. Furthermore, in some variations,
one or more tracking elements may be arranged in a
pattern on the member (e.g., a two-dimensional pattern
or three-dimensional pattern).

[0013] According to the invention, the apparatus fur-
ther includes a marking element configured to mark the
preliminary port location on the patient (e.g., to identify
the location as a suitable port location for a robotic sur-
gical system). For example, the base and/or the member
may define a lumen such that a marking element may be
inserted through the lumen. When the base is disposed
on the patient, the marking element may be inserted
through the lumen and placed into marking contact with
the surface of the patient. In some embodiments, a mark-
ing element may be engaged with a member that is tran-
sitionable between an extended configurationand a com-
pressed configuration. When the base is coupled to the
patient, the marking element may be spaced apart from
the patient when the member is in the extended config-
uration, and may be in contact with the patient when the
member is in the compressed configuration.

[0014] Generally, in some embodiments, a method in-
cludes receiving the location of at least one tracking el-
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ement associated with a port placement guide positioned
at a preliminary port location on a surface of a patient. A
workspace may be analyzed around the preliminary port
location based at least in part on the received location of
the at least one tracking element. A port location may be
associated with the preliminary port location based at
least in part on the analysis of the workspace around the
preliminary port location. A distal end of a robotic arm
may be registered to the port location, and the distal end
of the robotic arm may be manipulated toward the port
location. Manipulating the distal end of the robotic arm
toward the port location may, for example, be at least in
part automatically performed (e.g., via a trajectory follow-
ing algorithm) and/or assistively driven in combination
with manual manipulation (e.g., via one or more virtual
fixtures).

[0015] In some embodiments, analyzing the work-
space around the preliminary port location may, for ex-
ample, include assessing the preliminary port location
relative to an anatomical feature of the patient and/or an
access location associated with an intended procedure
(e.g., an access location based on a template associated
with an intended surgical procedure). As another exam-
ple, analyzing the workspace may include assessing the
location of a second robotic arm, a location of a second
preliminary port location, and/or a location of an actual
port location (e.g., a second port location already select-
ed for use in a surgical procedure). In some embodi-
ments, the method may include receiving a second loca-
tion associated with the port placement guide positioned
a second preliminary port location on the patient. For
example, in these embodiments, analysis of the work-
space may be repeated for different preliminary port lo-
cations of the port placement guide, before associating
a suitable preliminary port location with an actual port
location for use during a surgical procedure.

[0016] Generally, in some embodiments, a method of
using a port placement guide may include positioning a
port placement guide at a preliminary port location on a
surface of a patient, and identifying a port location for a
robotic arm based on an analysis of a workspace around
the preliminary port location. In some embodiments, the
method may include repositioning the port placement
guide to different preliminary port locations (e.g., to a
second preliminary port location). The identified port lo-
cation may be marked with a marking element. Afteriden-
tifying a port location for the robotic arm, the port place-
ment guide may be removed from the preliminary port
location, and the robotic arm may be moved toward the
port location. Furthermore, the method may further in-
clude creating an incision at the identified port location,
atleast partially inserting a medical instrument (e.g., can-
nula) through the port location, and coupling the distal
end of the robotic arm to the medical instrument.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]
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FIG. 1 is an overview schematic of an exemplary
operating room arrangement with a robotic surgical
system.

FIG. 2A is a schematic illustration of one exemplary
variation of a robotic arm manipulator, tool driver,
and cannula with a surgical tool. FIG. 2B is a sche-
matic illustration of one exemplary variation of a tool
driver and a cannula with a surgical tool. FIG. 2C is
a schematic illustration of one exemplary variation
of a cannula and surgical tool and their degrees of
freedom of movement.

FIG. 3 is a cross-sectional illustration of a port place-
ment guide, according to an embodiment.

FIG. 4 is a perspective view illustration of a portion
of a member coupled to a tracking element, accord-
ing to an embodiment.

FIG. 5 is a perspective view illustration of a portion
of a member coupled to a tracking element, accord-
ing to an embodiment.

FIG. 6 is a perspective view illustration of a tracking
assembly, according to an embodiment.

FIG. 7 is a perspective view illustration of a tracking
assembly, according to an embodiment.

FIG. 8 is a perspective view illustration of a tracking
assembly, according to an embodiment.

FIG. 9A is a perspective view illustration of a port
placement guide in a first configuration relative to a
surface of a patient, according to an embodiment.
FIG. 9B is a perspective view illustration of the port
placementguide of FIG. 9Ain a second configuration
relative to the surface of the patient.

FIG. 9C is a perspective view illustration of the port
placement guide of FIG. 9A in a third configuration
relative to the surface of the patient.

FIG. 10 is a perspective view illustration of a port
placement guide, according to an embodiment.
FIG. 11Ais a cross-sectional illustration of part of a
port placement guide, according to an embodiment.
FIG. 11B is a cross-sectional illustration of a port
placement guide including a marking element, ac-
cording to an embodiment.

FIG. 12 is a cross-sectional illustration of a port
placement guide, according to an embodiment.
FIGS. 13A and 13B are cross-sectional illustrations
of a base and a port placement guide including the
base, respectively, according to an embodiment.
FIG. 14 is a cross-sectional illustration of a port
placement guide, according to an embodiment.
FIG. 15 is a cross-sectional illustration of a port
placement guide, according to an embodiment.
FIG. 16 is a cross-sectional illustration of a port
placement guide, according to an embodiment.
FIGS. 17A-17E illustrate a method of using a port
placement guide to identify one or more port loca-
tions, according to an embodiment.

FIG. 18A illustrates a robotic arm in a first configu-
ration uncoupled from a cannula at a port location
on a patient, according to an embodiment.
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FIG. 18B illustrates a robotic arm in a second con-
figuration coupled to the cannula at a port location
on a patient, according to an embodiment.

FIGS. 19A-19C illustrate various manners of com-
municating a workspace to a user, according to var-
ious embodiments.

FIG. 20 illustrates a method in which a predicted
workspace can be compared to a pre-operative mod-
el, according to an embodiment.

FIGS. 21A and 21B illustrate a method of combining
data gathered by a tracking system with patient po-
sitioning information to identify a port location, ac-
cording to an embodiment.

FIG. 22 is a perspective view illustration of a work-
space including potential port placement locations,
according to an embodiment.

FIG. 23A is an illustration of a workspace including
four port placement locations, according to an em-
bodiment.

FIG. 23B is an illustration of four robotic arms ar-
ranged relative to a workspace including four pour
placement locations, according to an embodiment.
FIG. 24 is a flow chart of a method, according to an
embodiment.

FIG. 25 is a flow chart of a method of using a port
placement guide, according to an embodiment.

DETAILED DESCRIPTION

[0018] Non-limiting examples of various aspects and
variations of the invention are described herein and illus-
trated in the accompanying drawings.

[0019] Systems and methods for guiding port place-
ment on a patient and maneuvering a robotic arm toward
the port location are described herein. The systems and
methods may, for example, be used in conjunction with
a robotic surgical system. According to the invention, the
apparatus includes a base, a member, and at least one
tracking element. The base can be configured to couple
to a patient (e.g., a surface of a patient) at a preliminary
port location for a robotic arm. The member is coupled
to the base and can comprise a first end and a second
end opposite the first end. The at least one tracking ele-
ment is coupled to the member and is configured to allow
tracking of the member relative to the preliminary port
location.

[0020] In some embodiments, a method includes re-
ceiving the location of at least one tracking element as-
sociated with a port placement guide positioned at a pre-
liminary port location on a surface of a patient. A work-
space can be analyzed around the preliminary portloca-
tion based at least in part on the received location of the
at least one tracking element. A port location can be as-
sociated with the preliminary port location based at least
in part on the analysis of the workspace around the pre-
liminary port location. A distal end of a robotic arm can
be registered to the port location. The distal end of the
robotic arm can be manipulated toward the port location.
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[0021] Insome embodiments, a method of using a port
placement guide includes positioning a port placement
guide at a preliminary port location on a surface of a pa-
tient. The port placement guide can, for example, include
a base, a member, and at least one tracking element. A
port location for a robotic arm can be identified based at
least in part on an analysis of a workspace around the
preliminary port location. The port placement guide can
be removed from the preliminary port location. The ro-
botic arm can be moved toward the port location.

Surgical procedure overview

[0022] FIG. 1 is anillustration of an exemplary operat-
ing room environment with a robotic surgical system 100.
As shown in FIG. 1, the robotic surgical system 100 com-
prises a user console 120, a control tower 130, and one
or more robotic arms 112 located at a robotic platform
110 (e.g., table, bed, etc.), where surgical instruments
(e.g., with end effectors) are attached to the distal ends
of the robotic arms 112 for executing a surgical proce-
dure. The robotic arms 112 are shown as a table-mount-
ed system, but in other configurations, the robotic arms
may be mounted to a cart, ceiling or sidewall, or other
suitable support surface.

[0023] Generally, a user, such as a surgeon or other
operator, may use the user console 120 to remotely ma-
nipulate the robotic arms 112 and/or surgical instruments
(e.g., in tele-operation). The user console 120 may be
located in the same operating room as the robotic system
100, as shown in FIG. 1. In other environments, the user
console 120 may be located in an adjacent or nearby
room, or tele-operated from a remote location in a differ-
ent building, city, or country, etc. The user console 120
may comprise a seat 122, foot-operated controls 124,
one or more handheld user interface devices 126, and
at least one user display 128 configured to display, for
example, a view of the surgical site inside a patient (e.g.,
captured with an endoscopic camera). As shown in the
exemplary user console 120, a user located in the seat
122 and viewing the user display 128 may manipulate
the foot-operated controls 124 and/or handheld user in-
terface devices 126 to remotely control the robotic arms
112 and/or surgical instruments mounted to the distal
ends of the arms.

[0024] In some variations, a user may operate the sur-
gicalrobotic system 100 inan "overthe bed" (OTB) mode,
in which the user is at the patient’s side and simultane-
ously manipulating a robotically-driven instrument/end
effector attached thereto (e.g., with a handheld user in-
terface device 126 held in one hand) and a manual lapar-
oscopic tool. For example, the user’s left hand may be
manipulating a handheld user interface device 126 to
control a robotic surgical component, while the user’s
right hand may be manipulating a manual laparoscopic
tool. Accordingly, in these variations, the user may per-
form both robotic-assisted MIS and manual laparoscopic
surgery on a patient.
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[0025] During an exemplary procedure or surgery, the
patient may be prepped and draped in a sterile fashion,
and anesthesia may be achieved. Initial access to the
surgical site may be performed manually with the robotic
system 100 in a stowed configuration or withdrawn con-
figuration to facilitate access to the surgical site. Once
the access is completed, initial positioning and/or prep-
aration of the robotic system may be performed. During
the procedure, a surgeon in the user console 120 may
utilize the foot-operated controls 124, user interface de-
vices 126, and/or other suitable controls to manipulate
various end effectors and/or imaging systems to perform
the surgery. Manual assistance may be provided at the
procedure table by other personnel, who may perform
tasks including but not limited to retracting tissues, or
performing manual repositioning or tool exchange involv-
ing one or more robotic arms 112. Other personnel may
be present to assist the user at the user console 120.
When the procedure or surgery is completed, the robotic
system 100 and/or user console 120 may be configured
or set in a state to facilitate one or more postoperative
procedures, including but not limited to robotic system
100 cleaning and/or sterilization, and/or healthcare
record entry or printout, whether electronic or hard copy,
such as via the user console 120.

[0026] Insome variations,the communication between
the robotic platform 110 and the user console 120 may
be through the control tower 130, which may translate
user commands from the user console 120 to robotic
control commands and transmit them to the robotic plat-
form 110. The control tower 130 may transmit status and
feedback from the robotic platform 110 back to the user
console 120. The connections between the robotic plat-
form 110, the user console 120, and the control tower
130 may be via wired and/or wireless connections, and
may be proprietary and/or performed using any of a va-
riety of data communication protocols. Any wired con-
nections may be built into the floor and/or walls or ceiling
of the operating room. The robotic surgical system 100
may provide video output to one or more displays, includ-
ing displays within the operating room as well as remote
displays accessible via the Internet or other networks.
The video output or feed may be encrypted to ensure
privacy, and all or one or more portions of the video output
may be saved to a server, an electronic healthcare record
system, or other suitable storage medium.

Robotic arm and surgical tool overview

[0027] Generally, a robotic or robotic-assisted surgical
system (e.g., to enable a minimally-invasive surgical pro-
cedure) may include one or more robotic arms for ma-
nipulating surgical tools, such as during minimally-inva-
sive surgery. For example, as shown in the exemplary
schematic of FIG. 2A, a robotic assembly 200 may in-
clude a robotic arm 210 and a tool driver 220 generally
attached to a distal end of the robotic arm 210. A cannula
230 coupled to the end of the tool driver 220 may receive
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and guide a surgical tool 250. Furthermore, the robotic
arm 210 may include a plurality of links that are actuated
so as to position and orient the tool driver 220.

[0028] For use in a surgical procedure, at least one
robotic arm 210 may be mounted to an operating table
on which a patient lies (or may be mounted to a cart,
ceiling, sidewall, etc. near the patient). To create a port
for enabling introduction of a surgical tool into the patient,
a cannula assembly (e.g., a cannula 230 and obturator)
may be at least partially inserted into the patient through
an incision or entry point in the patient (e.g., in an ab-
dominalwall). The cannula230 may be coupled to a distal
end of the tool driver 220 (as depicted in FIG. 1A) during
such cannula placement in the patient (or in some vari-
ations, after placement). After the cannula is placed, the
obturator may be removed, and the links in the robotic
arm 210 may be controlled to maneuver the tool driver
220.

[0029] A proximal portion of the surgical tool 250 may
be coupled to the tool driver 220 such that, as shown in
FIG. 2B, atleasta portion (e.g., tool shaft) passes through
the cannula and into the patient P. For example, a prox-
imal portion of the surgical tool 250 may be coupled to a
carriage 224 that is movable along a stage 222, and the
stage 222 may be coupled to a distal end of the robotic
arm 210 for positioning of the tool driver 220.

[0030] When a surgical tool 250 is coupled to the tool
driver 220, actuation of the robotic arm 210 and/or the
tool driver 220 may provide for one or more various de-
grees of freedom of the tool as shown in FIG. 2C, includ-
ing but not limited to movement in a yaw direction or
spherical roll (arrow A), movement with the cannulain a
pitch direction (arrow B), tool rotation (arrow C) axially
within the cannula 130, and/or tool translation (arrow D)
within the cannula 130. For example, movement in the
yaw and/or pitch directions may be controlled through
actuation of at least a portion of the robotic arm 210. Tool
movement in the yaw and/or pitch directions may, in
some variations, be constrained to movement around a
center of spherical rotation, or mechanical remote center
of motion (RCM). Furthermore, tool rotation axially within
the cannula 230 may be controlled through one or more
tool driver actuators in the carriage 224 coupled to the
surgical tool 250 (directly or indirectly through a sterile
barrier, etc.), and tool translation within the cannula 230
may be controlled through one or more tool driver actu-
ators that cause the carriage 224 to translate along the
stage 222.

[0031] A distal portion of the surgical tool 250 may in-
clude an end effector, and actuators in the carriage 224
may be further controlled to actuate the tool 250 to per-
form various tasks during the surgical procedure (e.g.,
cutting, grasping, etc.) in accordance with the particular
kind of end effector. Additionally, the tool 250 may be
withdrawn from the port and decoupled from the tool drive
220 to exchange with another tool, such as another tool
having an end effector with different functionality.



9 EP 3 781 053 B1 10

Port placement guide

[0032] As further described below, in some embodi-
ments, a port placement guide can be used to assist a
user (e.g., surgical staff or a surgeon) in identifying suit-
able or preferred port placement on the surface of a pa-
tient. Selection of a suitable or preferred port placement
may, for example, be based at least in part on increasing
access to a surgical worksite, locating an RCM of a can-
nula relative to a port location that reduces risk of injury
to the patient at a reduces risk of leaks at the cannula-
patient interface, avoiding collisions between objects
such as robotic arms, etc. Furthermore, in some embod-
iments, the port placement guide can provide information
about a port location to assist docking of a robotic arm
at the port location (e.g., moving the robotic arm toward
a cannula or other device at the port location). The port
placement guide can, for example, reduce surgical pro-
cedure setup time by expediting the port location selec-
tion process, reducing the risk of issues such as arm
collisions or failed cannula docking attempts. Further-
more, in some embodiments, the port placement guide
can help with training users for robotic surgery, can help
improve consistency in port placement between different
surgical procedures, and the like.

[0033] Generally, in some variations, as shown in FIG.
3, a port placement guide 300 may include a base 350
configured to couple to a surface of a patient at a prelim-
inary port location for a robotic arm, a member 360 cou-
pled to the base, and at least one tracking element 370
coupled to the member. A first end 361 of the member
360 can be coupled to the base 350 via a flexible joint
362. A second end 363 of the member 360 can be cou-
pled to the tracking element 370. The port placement
guide 300 can be coupled to a surface (e.g., the skin) of
a patient in a location where the user intends to place or
is considering placing a port in the surface (e.g., a robotic
or laparoscopic port).

[0034] Thebase functionsto couple the port placement
guide to the patient. The base 350 can include a secure-
mentelement 352 such thatthe base 350 can be attached
to the surface of the patient via the securement element
352. The securement element 352 can include an adhe-
sive material (e.g., a temporary glue or adhesive) such
that the base 350 can be attached to the surface of the
patient via the adhesive material. In some embodiments,
the securement element 352 can include a double-sided
bonding strip or foam. In some embodiments, the secure-
ment element 352 can include and/or be shaped as a
disc-shaped (e.g., donut-shaped) pad. The pad can in-
clude any suitable material, such as rubber, plastic,
and/or metal. The pad can also include or be coated with
an adhesive material such that the pad can be attached
to the surface of the patient.

[0035] Insomeembodiments, although not shown, the
securement element 352 can be formed as or include
one or more suction cups. The base 350 can adhere to
the surface of the patient via pressure applied to the one
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or more suction cups by the base 350. The one or more
suction cups can be formed of any suitable material, such
as, for example, rubber. In some embodiments, a medi-
um such as saline or gel can be applied to the patient-
facing surface of the one or more suction cups and/or to
the surface of the patient to aid in sealing the one or more
suction cups to the surface of the patient. In some em-
bodiments, an adhesive material can be disposed on the
patient-facing surface of the one or more suction cups to
improve the securement of the base 350 to the surface
of the patient.

[0036] After attachment, the securement element 352
can be removable from the surface of the patient. Insome
embodiments, the securement element 352 can be reat-
tachable to the patient such that the guide 300 can be
moved between a first location and a second location on
the patient. In some embodiments, the securement ele-
ment 352 can be affixed to a patient-facing side 351 of
the base 350 prior to coupling the guide 300 to the surface
of the patient. In some embodiments, the securement
element 352 can be coupled to the surface of the patient
prior to the base 350 of the guide 300 being attached to
the securement element 352.

[0037] Insome embodiments, the member 360 can be
generally centered on the base 350. For example, as
showninFIG. 3, the member 360 can be coaxially aligned
with a central axis of the base 350 such that the member
360 extends substantially normal to the base 350 when
not under the influence of any external forces (i.e., not
being pivoted relative to the base 350 by a user). Alter-
natively, the member 360 may extend from the base 350
at any suitable angle. Furthermore, in some embodi-
ments, the member 360 can be off-center relative to the
base 350 (e.g., the first end of the member 360 can be
laterally offset from the central axis of the base 350).
Although the member 360 is shown as being elongated,
the member 360 can be formed in any suitable shape.
[0038] The flexible joint 362 can allow the member 360
(or a portion of the member 360) to pivot relative to the
base 350. Said another way, in some embodiments, the
member 360 can rotate relative to the base 350 in any
direction relative to a plane including the patient-facing
side 351 of the base 350. For example, the flexible joint
362 can allow the member 360 to pivot relative to the
surface of the patient, such that when the guide 300 is
coupled to the surface of the patient, the member 360
can move similarly to a medical instrument (e.g., a can-
nula) installed in a port at the location of the guide 300
on the surface of the patient. In some embodiments, the
flexible joint 362 can be disposed atthe interface between
the member 360 and the base 350. In some embodi-
ments, the flexible joint 362 can be disposed along the
member 360 such that an upper portion of the member
360 (e.g., a portion on a first side of the flexible joint 362)
can pivot relative to a lower portion of the member 360
(e.g., a portion on a second side of the flexible joint 362).
[0039] In some embodiments, the base 350, the flexi-
ble joint 362, and the member 360 can be formed as a
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one-piece, integral structure. The base 350 and the mem-
ber 360 can be formed of a more rigid material than the
flexible joint 362, which can be relatively more elastic.
Alternatively, in some embodiments, the flexible joint 362
can be formed as a different structure and can be coupled
between the base 350 and the member 360 during as-
sembly. For example, the flexible joint 362 can include a
flexible bellows or a ball and socket coupling such that
the member 360 can pivot relative to the base.

[0040] The tracking element 370 can be any suitable
type of tracking element and formed in any suitable shape
such that the location and/or orientation of the tracking
element 370 in a three dimensional space can be detect-
ed and observed. For example, in some embodiments,
the tracking element 370 can include infrared reflective
material such that the location of the tracking element
370 can be detected by an external optical infrared track-
ing system (notshown). In some embodiments, the track-
ing element 370 can include an electromagnetic sensor
and/or an electromagnetic transmitter such that the po-
sition (e.g., X, Y, and/or Z coordinates within a space)
and the orientation (e.g., yaw, pitch, and/or roll) of the
tracking element 370 can be monitored by an electro-
magnetic-based tracking system (not shown). For exam-
ple, the tracking element 370 can include a transmitter
that emits an electromagnetic dipole field which can be
evaluated to determine the position and/or orientation of
the tracking element 370. In some embodiments, rather
than including a single tracking element 370 as shown
in FIG. 3, the guide 300 can include multiple tracking
elements. For example, the guide 300 can include two,
three, four, or more than four tracking elements. Various
tracking elements that can be included in the guide 300
are shown and described in more detail below with re-
spect to FIGS. 4-8.

[0041] As described above, the guide 300 can be cou-
pled to the surface of the patient. The member 360 can
then be pivoted relative to the base 350 and the patient
over any suitable range in any suitable direction (e.g.,
through the range of motion of the flexible joint 362). A
tracking system (not shown) can be used to detect the
position and/or orientation of the tracking element 370
and to determine the location of the guide 300 on the
surface of the patient. For example, the tracking system
can use the locations of the tracking element 370 at var-
ious pivot angles relative to the base 350 to identify the
location of the guide 300. The tracking system can then
associate the guide 300 with a potential port location. In
some embodiments, a point cloud can be generated as
the member 360 moves the tracking element 370 through
a range of motion of the flexible joint 362 in various di-
rections. The point cloud can then be used to infer the
location of the flexible joint 362 and/or the base 350. The
guide 300 can then be removed from the surface of the
patient and an incision can be made in the surface of the
patient at the potential port location to create a port.
[0042] Although the guide 300 is shown as including
the flexible joint 362 and the member 360 is described
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as being pivotable relative to the base 350, in some em-
bodiments, the member 360 can be rotationally fixed rel-
ative to the base 350. In other words, the member 360
can be substantially fixed relative to the base 350 (e.g.,
the interface between the member 360 and the base 350
can be substantially rigid). In such embodiments, the lo-
cation and/or orientation of the tracking element 370 can
be detected such that the tracking system can use the
location and/or orientation to identify the location of the
guide 300 relative to a patient.

[0043] In some embodiments, the base 350, member
360, and/or other suitable portion of the guide 300 can
be configured to function as an artificial body wall and/or
provide additional structural support during a surgical
procedure. For example, during some procedures, a suf-
ficient body wall or patient surface may be absent from
a surgical site (e.g., a procedure involving a natural ori-
fice, or a procedure in which a large incision has been
made, etc.), such that it is difficult to place a cannula
and/or obtain a proper seal between the cannula and the
patient tissue at that surgical site. In some embodiments,
the port placement guide may be shaped and/or sized to
supplement the surgical site. For example, the base,
member, and/or other suitable portion of the guide 300
may be sufficiently large (e.g., in height and/or diameter)
to receive a cannula when the guide 300 is coupled to a
surface to a patient. Furthermore, in some embodiments,
the guide 300 may sealingly engage the cannula during
a surgical procedure, similar to a patient body wall. FIGS.
4-8 illustrate examples of various tracking elements and
tracking assemblies that can be included in a port place-
ment guide, such as the guide 300 or any of the other
guides described herein. FIG. 4 is an illustration of a por-
tion of a member 460 coupled to a tracking element 470.
The member 460 can be the same or similar in structure
and/or function to any of the member described herein,
such as the member 360. As shown, the tracking element
470 can be shaped as a flat disc. The tracking element
470 can, for example, be formed of or include infrared
reflective material such that the location of the tracking
element 470 can be detected by an optical infrared track-
ing system (not shown). FIG. 5 is an illustration of a por-
tion of a member 560 coupled to a tracking element 570.
The member 560 can be the same or similar in structure
and/or function to any of the member described herein,
such as the member 360. The tracking element 570 can
be formed as a hemisphere or such that the tracking el-
ement 570 has a rounded upper surface. Similar to the
tracking element 470, the tracking element 570 can be
formed of or include infrared reflective material such that
the location of the tracking element 570 can be detected
by an optical infrared tracking system (not shown). The
tracking element 570, however, may have any suitable
shape.

[0044] Although FIGS. 4 and 5 show only one tracking
element coupled to a member, in some embodiments an
array of multiple tracking elements can be disposed on
or near a second end of a member, such as the member
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360 or any of the members described herein. An array
of tracking elements can be used to provide location
and/or orientation information to a tracking system. For
example, FIG. 6is anillustration of an exemplary tracking
assembly 672. The tracking assembly 672 can include a
plate 674 having a two dimensional surface. Alternative-
ly, in some variations, the plate 674 may include a three
dimensional surface (e.g., a contoured surface). The
plate 674 can be coupled to a second end of a member,
such as any of the members described herein, via an
extension member 676. In some embodiments, rather
than being attached to a second end of a member via
the extension member 676, the plate 674 can be coupled
directly to the second end of the member. As shown in
FIG. 6, an array of tracking elements 671A-C is disposed
on the two dimensional surface of the plate 674. Each of
the tracking elements 671A-C can be formed of orinclude
infrared reflective material such that the location of each
of the tracking elements 671A-C can be detected by an
optical infrared tracking system. Although three tracking
elements are shown on the plate 674, any suitable
number of tracking elements can be disposed on the plate
674.

[0045] FIG. 7 is an illustration of a tracking assembly
772. The tracking assembly 772 can include an array of
tracking elements 771 (e.g., tracking element 771A and
tracking element 771B) coupled to one another via sup-
porting members 778 (e.g., supporting member 778A
and supporting member 778B). The tracking assembly
772 can also include an extension member 776 such that
the supporting members 778 can be coupled to a second
end of a member of a guide via the extension member
776, such as the member 360 of the guide 360 described
above. Although the tracking assembly 772 shows an
array of four tracking elements coupled to one another
via four supporting members 778, the tracking assembly
772 caninclude any suitable number of tracking elements
771. Each supporting member 778 and tracking element
771 can be arranged at any suitable angle relative to the
extension member 776 such that the tracking elements
771 are arranged as a three dimensional array. Each of
the tracking elements 771 can be formed of or include
infrared reflective material such that the location of each
of the tracking elements 771 can be detected by an op-
tical infrared tracking system.

[0046] FIG. 8 is an illustration of a tracking assembly
872. The tracking assembly 872 can include an electro-
magnetic component 873. The electromagnetic compo-
nent 873 can be coupled to a second end of a member
of aguide, such as any of the members described herein,
via an extension member 876. In some embodiments,
rather than including the extension member 876, the
electromagnetic component 873 can be coupled directly
to the second member of the guide. The electromagnetic
component 873 can include an electromagnetic sensor
and/or an electromagnetic transmitter such that the po-
sition (e.g., X, Y, and/or Z coordinates within a space)
and/or the orientation (e.g., yaw, pitch, and/or roll) of the
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tracking element 370 can be monitored by an electro-
magnetic-based tracking system (not shown). For exam-
ple, the electromagnetic component 873 can include a
transmitter that emits an electromagnetic dipole field
which can be evaluated to determine the position and
orientation of the electromagnetic component 873.
[0047] In some embodiments, a port placement guide
can include a marking element such that the port place-
ment location on a surface of a patient can be marked
(e.g., with ink or incision) and identified (e.g., after re-
moval of the port placement guide). For example, as
shown in FIGS. 9A-9C, a port placement guide 900 can
include amarking element 980. The port placementguide
900 can include the same or similar structural and/or
functional aspects to any of the port placement guides
described herein, such as the port placement guide 300
described above with reference to FIG. 3. For example,
the port placement guide 900 includes a base 950, a
member 960, and a flexible joint 962 arranged such that
the member 960 can pivot relative to the base 950. The
portplacement guide 900 can define a lumen (not shown)
extending from an open proximal or second end 963 of
the member 960 through the base 950. Said another way,
the base 950, the member 960, and the flexible joint 962
can collectively define a lumen through which the mark-
ing element 980 can be translated. The marking element
980 can be formed and/or shaped as, for example, a pen
or a marker, and can include a marking tip on a distal
end of the marking element 980. In some embodiments,
the marking element 980 can be coupled to the member
960 such that the marking element 980 is fixed to the
member 960. The marking element 980 can be translated
within and/or with the member 960 relative to the base
950 toward and away from a surface of a patient. In some
embodiments, the marking element 980 may include an
adhesive element (e.g., adhesive pad or other suitable
marker) that is configured to couple to the surface of the
patient to mark the port placement location. Additionally
or alternatively, the marking element 980 may include a
scalpel or other tool to make a small incision at the port
placement location.

[0048] In use, as shown in FIG. 9A, for example, the
guide 900 can be placed on a surface S of a patient at
an intended port placement location. The marking ele-
ment 980 can then be translated in the direction of arrow
E-E toward the surface S of the patient. As shown in FIG.
9B, when the marking element 980 has been translated
or pushed in the direction of arrow E-E such that the
marking tip of the marking element 980 is in marking con-
tact with the surface S, the marking element 980 can be
partially disposed within the member 960. After marking
the surface S, the entire guide 900 can be moved in the
direction of arrow F-F in FIG. 9B such that the guide 900
can be removed from the surface S of the patient, leaving
mark M behind on the surface as shown in FIG. 9C. As
also shown in Fig. 9C, the marking element 980 can be
extended relative to the base 950 such that the flexible
joint 562 is stretched or extended, protecting the marking
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tip of the marking element 980 within the member 960.
An incision can then be made at the location of mark M
such that a port is created for insertion of a medical in-
strument (e.g., a cannula and/or a trocar).

[0049] Insome embodiments, rather than being fixedly
attached to a member or other portion of the port place-
ment guide, a marking element can be separate from the
guide and insertable through the guide. For example, as
shown in FIG. 10, a port placement guide 1000 can in-
clude a marking element 1080 separable from the rest
of the guide 1000. The port placement guide 1000 can
include the same or similar structural and/or functional
aspects as any of the port placement guides described
herein. For example, the guide 1000 can include a base
1050 and a member 1060. The guide 1000 can also in-
clude a flexible joint 1062 such that the portion of the
member 1060 above the flexible joint 1062 can pivot rel-
ative to the base 1050. The port placement guide 1000
can define a lumen 1064 extending from an open proxi-
mal or second end 1063 of the member 1060 through
the base 1050. Said another way, the base 1050, the
member 1060, and the flexible joint 1062 can collectively
define a lumen through which the marking element 1080
can be inserted.

[0050] The marking element 1080 can be same or sim-
ilar in structure and/or function to the marking element
980 described above with respectto FIG. 9. Forexample,
the marking element 1080 can be formed and/or shaped
as, forexample, apen oramarker (orinclude an adhesive
marker), similar to that described above with reference
to FIGS. 9A-9C. The marking element 1080 can include
amarking tip 1082 on a distal end. Additionally, a tracking
element 1070 can be disposed on a proximal end of the
marking element 1080. The tracking element 1070 can
include, for example, and of the tracking elements de-
scribed herein such as the tracking elements shown and
described with respect to FIGS. 5-8. The marking ele-
ment 1080 can be shaped and sized such that the mark-
ing element 1080 can be disposed within the lumen 1064
defined by the guide 1000 and translated such that the
marking tip 1082 is in marking contact with the

surface of the patient.

[0051] More specifically, in some embodiments, the
marking element 1080 can be inserted through the lumen
1064 of the guide 1000 and moved toward the surface
of the patient relative to the member 1060 such that the
marking element 1080 can mark the surface of the pa-
tient. In some embodiments, the member 1060 and/or
the flexible joint 1062 can be axially compressible such
that the marking element 1080 can be inserted into en-
gagement with the member 1060 and can axially com-
press the guide 1000 toward the surface of the patient.
Specifically, the marking element 1080 can engage with
the member 1060 and the marking element 1080 and the
member 1060 can collectively be pressed toward the sur-
face of the patient such that the member 1060 and/or the
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flexible joint 1062 are compressed toward the surface of
the patient and the marking tip 1082 can contact and
mark the surface of the patient. The guide 1000 (or at
least the marking element 1080) can then be removed
from the surface of the patient and an incision can be
made in the surface of the patient at the potential port
location to create a port. In some embodiments, the guide
1000 can be removed and the port can be created at the
location of the mark on the surface of the patient. Insome
embodiments, the marking element 1080 can be with-
drawn from the lumen 1064 of the guide 1000, leaving
the guide 1000 coupled to the surface of the patient. One
or more medical instruments can then be inserted into
the guide 1000 and into contact with the surface of the
patient to create a port (e.g., make an incision) and/or
perform a medical procedure through the guide 1000.
[0052] In some embodiments, when the marking ele-
ment 1080 is inserted into the lumen 1064 of the guide
1000, the marking element 1080 can then be pivoted
relative to the base 1050 by the userin various directions
such that a tracking system can detect the location of the
tracking element 1070. The tracking system can then use
the location information to determine the location of the
guide 1000, and, therefore, the location of the potential
port.

[0053] Insome embodiments, although not shown, the
marking element 1080 can have a non-marking distal
end rather than a marking tip. The marking element 1080
can then be inserted through the lumen 1064 and pivoted
such that a tracking system can identify various locations
of the tracking element 1070. The tracking system can
then use the location information to identify the intended
location of a port. In some embodiments, after being used
for tracking, the marking element 1080 can be replaced
within the guide 1000 with an instrumentintended to mark
and/or incise the surface of the skin. In some embodi-
ments, as an alternative or in addition to the marking
element 1080, the guide 1000 can include or receive a
scalpel that can be inserted through the lumen 1064 to
create a small incision at the potential port location, thus
creating the port or a portion of a port. In some embodi-
ments, alternatively or in addition to the marking element
1080, the guide 1000 can include a cannula that can be
inserted through the lumen 1064 and through the surface
of the patient, creating a port in the surface of the patient
at the location of the guide 1000. In some embodiments,
the guide 1000 can be removed from the surface of the
patient, leaving the cannula disposed in the port.
[0054] In some embodiments, the marking element
and the member may be configured to engage one an-
other such that the marking element and atleasta portion
of the member move in tandem toward the surface of the
patient. For example, in some embodiments, the marking
element can include an engagement feature to axially
engage the marking element with the member, such that
movement of the marking element toward the surface of
the patient also compresses the member toward the sur-
face of the patient. For example, as shown in FIGS. 11A
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and 11B, a port placement guide 1100 can include a
marking element 1180 with an engagement feature 1184.
FIGS. 11A and 11B are cross-sectional illustrations of a
port placement guide 1100 without a marking element,
and a port placement guide 1100 with a marking element
1180, respectively. The port placement guide 1100 can
include the same or similar structural and/or functional
aspects as any of the port placement guides described
herein. For example, the guide 1100 can include a base
1150, amember 1160, and a flexible joint 1162. The base
1150, the member 1160, and the flexible joint 1162 can
be the same and/or similar in structure and/or function
to the base 1050, the member 1060, and the flexible joint
1062, respectively. Additionally, the base 1150 includes
a securement element 1152 which can be the same or
similar in structure and/or function to any of the secure-
mentelements described herein, such as the securement
element 352 described above with reference to FIG. 3.
The guide 1100 can define a central lumen 1164 and can
include a proximal end 1163.

[0055] As shown in FIG. 11B, the marking element
1180 can include a marking tip 1182 and a tracking ele-
ment 1170. The marking element 1180 can be the same
orsimilarin structure and/or function to any of the marking
elements described herein, such as, for example, the
marking element 1080 described with reference to FIG.
10. As described above, the marking element 1180 can
also include the engagement feature 1184. The engage-
ment feature 1184 can be in the form of a projection,
flange, ring, or other suitable stop extending from the
outer surface of the marking element 1180.

[0056] As shown in FIG. 11A, the guide 1100 can be
disposed on a surface, such as a surface of a patient. As
shown in FIG. 11B, the marking element 1180 can be
inserted into the lumen 1164 of the guide 1100 such that
the engagement feature 1184 can engage with the prox-
imal end 1163 of the guide 1100. The marking element
1180 can then be moved in the direction of arrow G-G
from the retracted position shownin FIG. 11B to a surface
contacting position represented in phantom by 1180’
such that the marking tip 1182 can contact and mark the
surface of the patient. Due to the engagement between
the engagement feature 1184 and the proximal end 1163
of the member 1160, the translation of the marking ele-
ment 1180 in the direction of arrow G-G can compress
the member 1160 and/or the flexible joint 1162 as the
marking element 1180 approaches the surface of the pa-
tient. After marking the surface of the patient, the marking
element 1180 can be removed and the guide 1100 can
remain on the surface of the skin. One or more medical
instruments can then be inserted into the guide 1100 and
into contact with the surface of the patient to create a
port (e.g., make an incision) and/or perform a medical
procedure through the guide 1100. Alternatively, the
guide 1100 can be removed prior to the creation of the
port, which can be created in the surface at the location
of the mark created by the marking element 1180.
[0057] FIG. 12illustrates another example of the mark-
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ing element and at least a portion of the member moving
in tandem. FIG. 12 is a cross-sectional illustration of a
port placement guide 1200. Aspects of the port place-
ment guide 1200 can be the same or similar in structure
and/or function to that of any of the port placement guides
described herein. For example, the guide 1200 can in-
clude a marking element 1280. The guide 1200 can in-
clude a base 1250 and a member 1260. The base 1250
can include a securement element 1252, which can be
the same or similar to any of the securement elements
described herein, such as the securement element 352.
The member 1260 can include a first end 1261 and a
second end 1263, the second end 1263 defining an open-
ing 1266 to a lumen 1264. The marking element 1280
can be the same or similar in structure and/or function to
any of the marking elements described herein. For ex-
ample, the marking element 1280 can include a marking
tip 1282. The opening 1266 of the second end 1263 of
the member 1260 can have a diameter large enough to
receive the marking tip 1282 of the marking element 1280
but smaller than the diameter of the body 1286 of the
marking element 1280.

[0058] As shown in FIG. 12, the member 1260 can
have an inverted proximal end or be manipulated such
thatthe second end 1263 is inverted such that the second
end 1263 of the member 1260 is folded into the lumen
1264. The marking element 1280 can engage the second
end 1263 of the member 1260 such that movement of
the marking element 1280 toward the surface of the pa-
tient folds the member 1260 toward a surface of a patient.
The marking element 1280 can then be moved distally
into marking contact with a surface of a patient, translat-
ing the second end 1263 of the member 1260 toward the
first end 1261 of the member as the marking element
1280 moves toward the base 1250 and eventually to the
surface of the patient.

[0059] FIGS. 13A and 13B are cross-sectionalillustra-
tions of a base 1350 of a port placement guide, and a
port placement guide 1300 including the base 1350, re-
spectively. The guide 1300 can be attached to a surface
of a patient using suction, for example. The base 1350
can have a first end 1353 and a second end 1354, and
can define a lumen extending through the base 1350
from the first end 1353 to the second end 1354. As shown
in FIG. 13B, the guide 1300 can include a member 1360.
The member 1360 can have afirstend 1361 and a second
end 1363. The member 1360 caninclude an engagement
feature 1368 projecting from the first end 1361. The en-
gagement feature 1368 can be shaped and sized such
that the engagement feature 1368 can couple to (e.g.,
sealingly engage with) the second end 1354 of the base
1350.

[0060] In use, the base 1350 can be placed on a sur-
face of a patient. The member 1360 can be engaged with
the base 1350 to define an interior cavity 1355 by engag-
ing the engagement feature 1368 of the first end 1361 of
the member 1360 with the second end 1354 of the base
1350. The member 1360 can then be pressed toward the
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surface of the patient such that gaseous fluid (e.g., air)
is pushed out of the interior cavity 1355 and a seal is
created between the base 1350, the member 1360, and
the surface of the patient due to the suction of the base
1350 and the member 1360 on the surface of the patient.
[0061] FIG. 14 is a cross-sectional illustration of a port
placement guide 1400. The guide 1400 includes a base
1450 and a member 1460. The base 1450 includes an
engagement feature 1456 and a patient-facing surface
1457. As can be seen in FIG. 14, the patient-facing sur-
face 1457 can be shaped such that the base 1450 can
be coupled to a surface of a patient via suction. For ex-
ample, the base 1450 can be disposed on a surface of
a patient in an intended location and pressed toward the
surface to create a seal between the surface and the
base 1450. The member 1460, having a complementary
engagement recess 1469 to the engagement feature
1456 of the base 1450, can be translated in the direction
of arrow H-H and engaged with the base 1450.

[0062] FIG. 15is a cross-sectional illustration of a port
placement guide 1500. The guide 1500 includes a base
1550. The base 1550 can be the same or similar in struc-
ture and/or function to any of the bases described herein.
For example, the base 1550 can include a securement
element 1552, which can be the same or similar to any
of the securement elements described herein, such as
the securement element 352. The base 1550 can also
include an engagement feature 1558. The engagement
feature 1558 can be any suitable shape, such as aflange
or a plurality of prongs. In some embodiments, the base
engagement feature 1558 can provide a seal around a
medical tool or instrument inserted through the base
1550 such that fluids are prevented from leaking from a
port P.

[0063] The base 1550 can be disposed on a surface
S of a patient in a location where a port P is intended to
be created. In some embodiments, a marking element
(not shown) including a tracking element can be engaged
with the base 1550 to assist a tracking system in identi-
fying the location of the port prior to the creation of the
incision. Once the port P is created in the surface S, as
shown in FIG. 15, an instrument 1540 (e.g., a cannula)
can be inserted through the base 1550 and through the
port P. The instrument 1540 can define a recess 1542
corresponding to the engagement feature 1558 of the
base 1550 such that the insertion depth of the instrument
1540 is limited. For example, the instrument 1540 can
be slid through the base 1550, and the engagement fea-
ture 1558 can apply pressure to the outer surface of the
instrument 1540. When the recess 1542 of the instrument
1540reaches the engagement feature 1558, the engage-
mentfeature 1558 can engage with the recess 1542 such
that the instrument 1540 is prevent from being moved
distally into the port P.

[0064] FIG. 16 is a cross-sectional illustration of a port
placement guide 1600. The guide 1600 includes a base
1650. The base 1650 can be the same or similar in struc-
ture and/or function to any of the bases described herein,
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such as the base 1550. For example, the base 1650 can
include a securement element 1652, which can be the
same or similar to any of the securement elements de-
scribed herein, such as the securement element 352.
The base 1650 can provide strain relief assistance to
medical tools or instruments inserted through the base
1650 into a port P. In some embodiments, the base 1650
can seal around medical tools or instruments inserted
through the base 1650 such that fluids are prevented
from leaking from the port P.

[0065] The base 1650 can define a lumen 1659
through which a medical instrument, such as cannula
1640, can be inserted. The base 1650 can be disposed
on a surface S of a patient in a location where the port P
isintended to be created. In some embodiments, a mark-
ing element (not shown) including a tracking element can
be engaged with the base 1650 to assist a tracking sys-
tem in identifying the location of the port P prior to the
creation of the incision. Once a port P is created in the
surface S, as shown in FIG. 16, an instrument such as
cannula 1640 can be inserted through the base 1650 and
through the port P. The instrument 1640 can remain with-
in the lumen 1659 and the port P and provide access to
an interior of the patient for other medical instruments.

Method of using a port placement guide

[0066] In some embodiments, a port placement guide,
such as any of the port placement guides described here-
in, can be used to assist a user (e.g., surgical staff or a
surgeon) in identifying suitable or preferred port place-
ment on the surface of a patient. Suitable or preferred
port placement can be based on a variety of factors, in-
cluding the locations of other existing or intended ports
and the need for access to other portions of the surface
of the patient during the procedure. Suitable or preferred
port placement may also be identified such that collisions
and interference between robotic arms and between ro-
botic arms and other instruments are avoided. For ex-
ample, this identification can be based at least in part on
the size, shape, and location of a robotic arm to be as-
sociated with the port and/or a robotic arm already asso-
ciated with or planned to be associated with other existing
or intended ports. In some embodiments, suitable or pre-
ferred port placement can also take into account a path
or trajectory that a distal end (e.g., an end effector) of a
robotic arm may travel to reach a port location and/or the
space occupied by each portion of the robotic arm while
the distal end is manipulated to the portlocation. In some
embodiments, suitable or preferred port placement can
account for a path or trajectory that a distal end (e.g., an
end effector) of every robotic arm used for a procedure
may travel to reach a port location and/or the space oc-
cupied by each portion of every robotic arm while the
distal end is manipulated to the port location. In some
embodiments, suitable or preferred port placement can
also take into account patient-specific anatomy and/or
fiducials, procedure-specific needs, and individual user
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preferences.

[0067] Insome embodiments, a computing device can
be configured to determine the suitable or preferred port
placements on a surface of a patient and to identify the
port placement locations to a user and/or to a robotic
surgical system. For example, the computing device can
be a personal computer (PC), a laptop, a workstation,
and/or the like disposed in a central location or distributed
in multiple locations. In some embodiments, the comput-
ing device may, for example, be embodied in a control
tower 130 and/or user console 120 as shown in FIG. 1.
The computing device can include at least a processor
and a memory. In some embodiments, the computing
device can also include a display, a graphic user inter-
face, and/or the like. The memory can be, for example,
a random access memory (RAM), a memory buffer, a
hard drive, a database, an erasable programmable read-
only memory (EPROM), an electrically erasable read-
only memory (EEPROM), a read-only memory (ROM), a
solid-state drive (SSD), and/or the like. The processor
can be any suitable processor configured to run and/or
execute a set of instructions, for example, stored in the
memory. For example, the processor can be a general-
purpose processor, a Field Programmable Gate Array
(FPGA), an Application Specific Integrated Circuit
(ASIC), a Digital Signal Processor (DSP), a central
processing unit (CPU), an accelerated processing unit
(APU), a front-end processor, a graphics-processing unit
(GPU), and/or the like. In some embodiments, the mem-
ory can store instructions and/or code to cause the proc-
essor to execute modules, processes, and/or functions
associated with determining suitable or preferred port
placement locations, defining a digital representation of
the workspace including potential port placement loca-
tions, and/or displaying a digital representation of the
workspace including existing or suggested port place-
ment locations. In some embodiments, the memory can
store instructions and/or code to cause the processor to
execute modules, processes, and/or functions associat-
ed with determining and displaying suitable or preferred
robotic arm and port pairings and robotic arm trajectories
and geometries. In some embodiments, the memory can
store instructions and/or code to cause the processor to
execute modules, processes, and/or functions associat-
ed with registering a port placement location with a par-
ticular robotic arm and/or with manipulating a distal end
ofthe roboticarm toward a port placementlocation and/or
into engagement with the an instrument disposed at the
port placement location.

[0068] In some embodiments, the digital representa-
tion of the workspace can be a graphical representation
of the surface of the patient with marked locations that
can be presented on the display of the computing device.
In some embodiments, the digital representation of the
workspace can be an instruction, numeric, and/or ma-
chine code representation of the surface of the patient,
the actual port locations, and/or the intended or recom-
mended (e.g., suitable and/or preferred) port placement
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locations. In addition, the memory can be configured to
store data (e.g., in a database) such as port placement
location data, patient data, procedure data, and/or data
associated withrecommended changes to the port place-
ment locations, as described in further detail herein.
[0069] The computingdevice canreceive tracking data
representative of the location of a tracking element, can
determine the location of a potential port placement lo-
cation based on the location of the tracking element, can
determine and/or calculate whether the potential port
placement location is suitable or preferred, and can rec-
ommend alternative port placement locations if the po-
tential port placement location is determined and/or cal-
culated to be not suitable or preferred. In addition, the
computing device can be configured to register a port
placement location and/or a path or trajectory to a port
placement location with a robotic arm. In some embodi-
ments, the computing device can be configured to ma-
nipulate a distal end of a robotic arm toward a port place-
ment location. In some embodiments, the computing de-
vice can be configured to manipulate a distal end of the
robotic arm along a particular path or trajectory. In some
embodiments, the computing device can be configured
to control or guide the robotic arm with respect to certain
regions in space (e.g., via the use of virtual fixtures, as
further described below).

[0070] For example, in some embodiments, a user
(e.g., surgical staff or a surgeon) can indicate an intended
procedure to be performed on a patient using a comput-
ing device. The computing device can include a graphic
user interface such that the procedure can be indicated,
for example, by selecting the procedure and/or entering
relevant information using the graphic userinterface. The
computing device can suggest one or more potential port
locations to the user. For example, the computing device
can suggest one or more potential port locations by dis-
playing a potential port placement location via a graphic
user interface on a monitor display, on an augmented or
virtual reality headset, an image projected onto the pa-
tient, or using any other suitable display device or meth-
od. In some embodiments, the suggested potential port
placement locations can represent preferred port place-
ments or optional port placement locations based on any
suitable factors such as, for example, the needs of the
particular procedure, prior procedure port placement lay-
outs, and/or surgeon preferences. In some embodi-
ments, the suggested potential port placement locations
can be presented to the user in relation to anatomical
landmarks of the patient. In some embodiments, a user
can additionally or alternatively approximate potential
port placement locations based on, for example, user
knowledge and/or experience.

[0071] The user can obtain a port placement guide,
such as any of the port placement guides described here-
in. For example, the user can remove the port placement
guide from associated packaging and/or assemble the
portplacement guide. The user can couple the port place-
ment guide to the patient (e.g., a surface of the patient)
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at a potential port placement location. The computing
device can be communicatively coupled to or include a
tracking system such that the location of a tracking ele-
ment of the port placement guide can be observed and/or
determined. In some embodiments, the user can pivot a
portion of the guide having the tracking element, such as
a member of the guide relative to a base of the guide,
such that the tracking system can receive additional lo-
cation and/or orientation data for analysis by the com-
puting device. The computing device can then use the
location of the tracking element to identify the location of
the port placement guide on the surface of the patient.
The computing device can then analyze whether the lo-
cation of the port placement guide is suitable or preferred,
as further described below. If the location is suitable or
preferred, the computing device can indicate (e.g., using
a graphic user interface) to the user that the port place-
ment guide is in a suitable or preferred location.

[0072] Ifthe computing device determines that the port
placement guide is not in a suitable or preferred location
foraporttobe created, the computing device can suggest
to the user that the port placement guide be moved to an
alternative location. In some embodiments, the comput-
ing device can suggest the alternative location. The user
can adjust the location of the port placement guide based
on the feedback received from the computing device. For
example, if the computing device indicates that a first
port placement location may be unsuitable to the proce-
dure, the user can move the guide to a second port place-
ment location. The computing device can then analyze
whether the second port placement location is suitable
or preferred based on, for example, data received indi-
cating the location of the tracking element. The steps of
moving the port placement guide and analyzing the suit-
ability of the location can be repeated until the computing
device confirms that the location of the port placement
guide on the surface of the patient (and thus the port
location) is suitable.

[0073] Any suitable number of port placement guides
can be used to identify any number of port locations. In
some embodiments, rather than using an additional
guide, the same guide can be used to determine each of
the port placement locations for a procedure. For exam-
ple, after determining thata particular portlocation is suit-
able, the guide or a user can mark the surface of the
patient in the particular port location. The guide can then
be moved to a second potential port placement location
to determine the suitability of the second potential port
placement location.

[0074] After determining two or more port placement
locations using the computing device, the computing de-
vice can compare all confirmed and/or remaining uncon-
firmed port placement locations for their suitability rela-
tive to one another, relative to a surgical table, and/or
relative to the patient’s position on the surgical table. The
computing device may then recommend one or more
guides or port placement locations be repositioned such
that, for example, the workspace is transitioned to a pre-
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ferred arrangement and/or potential collisions between
surgical staff and/or robotic arms during the procedure
are minimized or avoided.

[0075] The one or more port placement locations can
be finalized and logged by the computing device (e.g.,
logged into software associated with a graphic user in-
terface). A model (e.g., digital representation) of the
workspace can be generated and/or finalized including
intended robotic arm and port pairing assignments. Each
port placement location can be registered with a robotic
arm such that the robotic arm can be manipulated toward
a particular port placement location, as described below.
In some embodiments, at least one particular path or
trajectory for each robotic arm toward the port placement
location can be generated such that, for example, the
workspace is transitioned to a preferred arrangementand
risk of collisions between surgical arms is reduced. The
computing device can provide instructions to the user to
dock specific robotic arms to specific ports. The instruc-
tions can be based on a pre-operative plan and/or the
generated model.

[0076] An incision can be made at a final port location
to create a port and a cannula can be inserted into the
port. In some embodiments, the cannula can include a
cannula docking feature (e.g., clamp, snap, or other suit-
able mount or docking feature). The distal end of the ro-
botic arm registered to the port can be manipulated (e.g.,
manually by a user, and/or automatically and/or assis-
tively by a control system as described below) and cou-
pled to the cannula at the port via the cannula docking
feature. Alternatively, the distal end of the robotic arm
may be coupled to the cannula, and then the arm and
cannula assembly may together be manipulated toward
the port (e.g., manually, automatically, and/or assistively
as described below), where the cannula can thereafter
be inserted into the port.

[0077] Insome embodiments, a port placement guide,
such as any of the guides described herein, can be con-
figured to couple to a portion of a robotic arm (e.g., to act
as a simulated cannula). For example, a port placement
guide can include a guide docking feature (e.g., clamp,
snap, or other suitable mount or docking feature) config-
ured to couple to a distal end of a robotic arm. The guide
docking feature may be disposed on the member, mark-
ing element, base, or any suitable portion of the port
placement guide. Accordingly, the robotic arm can move
the guide to, for example, simulate the behavior of the
robotic arm and/or a cannula if the robotic arm were to
be attached to a cannula positioned in a port located
where the guide is placed (e.g., preliminary portlocation).
In some embodiments, a port placement guide having a
guide docking feature can be used, for example, for train-
ing a user and/or planning a procedure.

[0078] In some embodiments, the distal end of the ro-
botic arm can be moved to the cannula docking feature
manually by a user. As further described below with ref-
erence to FIGS. 18A and 18B, a control system may
guide manual movements of the distal end of the robotic
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arm toward the port by, for example, adjusting various
torques of the robotic arm in accordance with one or more
virtual fixtures. In some embodiments, a control system
may additionally or alternatively control the robotic arm
to automatically follow a predetermined, generated path
or trajectory toward the port. It should be understood that
in some embodiments, the robotic arm may be manipu-
lated in any suitable combination of manners (e.g., com-
pletely manually, automatically by a control system, as-
sistively by a control system, etc.) during different por-
tions of its movement toward the port. In some embodi-
ments, when the robotic arm reaches the final location,
the robotic arm can automatically prevent any further
movement and can maintain the final position. The user
can then engage the distal end of the robotic arm (e.g.,
an arm docking feature located at the distal end) with the
docking feature of the cannula by, for example, moving
the cannula to the distal end of the robotic arm. In some
embodiments, after docking the robotic arm to the can-
nula, the user can reposition the robotic arm as needed
to, for example, transition the positioning or pose of the
robotic arm to a preferred position or pose relative to the
workspace and/or other robotic arms.

[0079] FIGS. 17A-17E illustrate an exemplary method
of using a port placement guide, such as any of the port
placement guides described herein. As shown in FIG.
17A, auser can identify a desired port placementlocation
L on the surface S (e.g., a body wall such as the skin) of
a patient. As shown in FIG. 17B, the user can then obtain
a port placement guide 1700. The port placement guide
1700 can be the same or similar to any port placement
guide described herein. For example, the port placement
guide 1700 can include a base 1750, a member 1760, a
flexible joint 1762, and a marker element 1780. The mark-
er element 1780 can include a tracking assembly 1772.
As represented by 1700, the user can couple the port
placement guide 1700 to the surface S at the desired
port placement location L. A tracking device 1790 can be
arranged such that the tracking device 1790 can detect
the location of the tracking assembly 1772.

[0080] AsshowninFIG. 17C, the member 1760 of the
guide 1700 can be pivoted relative to the base 1750 (and,
thus, relative to the location L) over any suitable range
in any suitable direction (e.g., through the range of motion
of the flexible joint 1762). For example, the member 1760
can be pivoted such that the guide 1700 is in a second
position represented in phantom by 1700’ and in a third
position represented in phantom by 1700". The tracking
device 1790 can detect the position and/or orientation of
the tracking element 1772 at each of these locations. In
some embodiments, a processor (not shown) associated
with the tracking device 1790 can process the location
and/or orientation data (e.g., tracking data) collected by
the tracking device 1790 and determine the location L of
the guide 1700 on the surface S. For example, the proc-
essor can fit the tracking data to a spherical surface 1792
disposed on the surface S, as shown in FIG. 17D. The
center of the sphere having the spherical surface 1792
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can be identified (e.g., by the processor) as the location
L, which can also be identified as an entrance point to a
potential port P.

[0081] Additionally, in some embodiments, a three-di-
mensional workspace for a tool can be calculated. For
example, if a particular catheteris intended to be inserted
through the port P, a three-dimensional workspace can
be calculated for the catheter, including a predicted
movement area of the catheter above the surface S dur-
ing use of the catheter. The three-dimensional work-
space calculated for a particular tool can be incorporated
into the analysis of the suitability of a port placement lo-
cation by, for example, any of the devices or methods
described herein.

[0082] The method shown and described with respect
to FIGS. 17A-17D can be performed multiple times to
identify multiple port locations. For example, after iden-
tifying the location of the potential port P, the guide 1700
can be moved to a second desired port placement loca-
tion and pivoted such that the tracking device 1790 can
collect tracking data associated with the second desired
port placement location. A second potential port P, can
then be identified, as shown in FIG. 17E. These steps
can be repeated multiple times such that a third potential
port P5 and a fourth potential port P, are also identified
on the surface S of a patient. Although FIG. 17E depicts
four potential port locations being identified, it should be
understood that the method can be used to identify fewer
(e.g., one, two, or three) or more ports (e.qg., five, six, or
more).

[0083] When a potential port location has been identi-
fied as a suitable or preferred port location, the port lo-
cation can be registered to one or more robotic arms
(e.g., such that the one or more robotic arms can be guid-
ed toward the port location). For example, in some em-
bodiments, the coordinates of the potential port P on the
surface S can be converted to a data format relatable to
robotic arms (e.g., by the processor) such that the coor-
dinates can be registered to a robotic arm for use in guid-
ing the robotic arm toward the potential port P. In some
embodiments, a distal end of a robotic arm can be moved
toward a port location registered to the robotic arm. In
some embodiments, the distal end of a robotic arm can
be coupled to a medical instrument (e.g., a cannula or
trocar), and the robotic arm can be manipulated such that
the medical instrument is, for example, moved into en-
gagement with the surface of the patient at the location
of the potential port location or moved into a cannula or
port placement guide previously positioned at the port
location.

[0084] As a specific example, FIGS. 18A and 18B il-
lustrate a cannula 1840 and a robotic arm 1804 in a first
uncoupled configuration and a second coupled configu-
ration, respectively. The cannula 1840 can be disposed
ina port P that has been registered to a robotic arm 1804.
In some embodiments, the robotic arm 1804 can be guid-
ed to the cannula 1840 along a path or trajectory T, as
shown in FIG. 18A. In some embodiments, the robotic
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arm 1804 can be automatically driven along at least part
of a predetermined trajectory T to the cannula 1840 or
the port P using a suitable control algorithm. In some
embodiments, the robotic arm 1804 can be moved man-
ually toward the cannula 1840 or the port P by a user.
Such manual movement may be assisted by a suitable
control system to, for example, provide gravity compen-
sation and/or friction compensation to aid the manual
movement of the robotic arm 1804. Suitable exemplary
gravity compensation and friction compensation algo-
rithms are described in further detail in U.S. Application
No. 15/838,094 titled "ACTIVE BACKDRIVING FOR A
ROBOTIC ARM" and filed on December 11, 2017, which
gravity compensation and friction compensation algo-
rithms disclosed therein are hereby referenced.

[0085] As another example, a control system may help
guide the movement of the robotic arm via one or more
virtual fixtures, which may substantially prevent the arm
from being moved into one or more defined regions or
constrain the arm within one or more defined regions
(e.g., between the starting position of the robotic arm
1804 and the cannula 1840 or the port P). For example,
one or more virtual fixtures can be defined to represent
one or more regions in which the robotic arm 1804 does
not interfere with access to any additional ports or the
robotic arm paths to those ports. In some variations, the
robotic arm 1804 may be guided to the location of the
port P via guidance with one or more virtual fixtures con-
straining movement of the robotic arm 1804 (e.g., task
space virtualfixtures applied to the arm, joint space virtual
fixtures applied on a joint-by-joint level of the arm, etc.).
Such virtual fixtures may include, for example, a guiding
virtual fixture or a forbidden regions virtual fixture.
[0086] In some variations, as described herein, a vir-
tual fixture may be defined as a set of one or more bound-
aries for the robotic arm 1804, such that the movement
of the robotic arm 1804 (or selected points thereon) is
substantially constrained relative to the boundaries. For
example, a user may manually manipulate and position
the robotic arm 1804 (e.g., with actuated assistance pro-
vided by gravity compensation and/or friction compen-
sation controlmodes). In a guiding virtual fixture, a control
system (e.g., any control system or suitable computing
device described herein) may generally permit such user-
manipulated motion of the robotic arm 1804 within the
boundaries of the virtual fixture, while substantially pre-
venting or discouraging motion outside ofthe boundaries.
For example, motion outside of the boundaries may be
resisted by delivering a set of one or more resistance
joint torques opposing one or more force components
that are perpendicular to the reference plane (any force
component that tends to cause a portion of the robotic
arm 1804 to move outside of the reference plane). The
control system may drive one or more of the joints in the
robotic arm 1804 to deliver the resistance joint torque in
accordance with the virtual fixture. In a forbidden regions
virtual fixture, the system may generally permit user-ma-
nipulated motion of the robotic arm 1804 outside of the
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set of the set of boundaries of the virtual fixture, while
substantially preventing or discouraging motion inside
the boundaries.

[0087] In yet other variations, movement of at least a
portion of the robotic arm 1804 may be guided in a tra-
jectory following mode to the location of the port P. In the
trajectory following mode, the robotic arm 1804 may
move to follow a sequence of one or more trajectory (e.g.,
Cartesian trajectory) commands. Trajectory commands
may include, for example, velocity commands (framed in
terms of linear and/or angular movement) or target pose
commands (framed in terms of end objective position and
orientation of the links and joint modules. If the command
is atarget pose that requires a number of link movements
to transition from a current pose to the target pose, then
the control system may generate a trajectory defining the
necessary link movement. If the command relates to a
target pose that is the same as the current pose, then
the control system may generate trajectory commands
effectively resulting in a commanded "hold" position. For
instance, the trajectory may be based on inputs including:
commanded velocities or poses (e.g., transformation ma-
trix, rotation matrix, 3D vector, 6D vector, etc.), the arm
links to be controlled, measured joint parameters (angles,
velocities, accelerations, etc.), tool parameters (type,
weight, size, etc.), and environmental parameters (e.g.,
predefined regions which the arm link is barred or forbid-
den from entering, etc.). The control system may then
use one or more algorithms to generate the outputs of
commanded joint parameters (position, velocity, accel-
eration, etc.) to the firmware and/or commanded motor
currents as current feedforward to the firmware. Suitable
algorithms for determining these output commands in-
clude algorithms based on forward kinematics, inverse
kinematics, inverse dynamics, and/or collision avoidance
(e.g., collision between arm links, between different in-
stances of the robotic arm, between the arm and envi-
ronment, etc.).

[0088] As shown in FIG. 18B, a pose or geometry of
the robotic arm 1804 in the second configuration can be
modeled and/or transitioned to a preferred pose or ge-
ometry. For example, the pose or geometry of the robotic
arm 1804 can be selected such that portions of the robotic
arm 1804 (e.g., links and/or joints) are not blocking ac-
cess to other ports on the surface of the patient. As rep-
resented in FIG. 18B, after the robotic arm 1804 has
reached the cannula 1840, for example, a pose 1804’ of
the robotic arm 1804 can be identified. The robotic arm
1804 can then be transitioned to the pose 1804’ for the
remainder of the procedure.

[0089] In some embodiments, the distal end of the ro-
botic arm 1804 can be coupled to a medical instrument
(e.g., a cannula 1840 or trocar), and the robotic arm can
be manipulated such that the medical instrument is, for
example, moved into engagement with the surface of the
patient at the location of the potential port location or
moved into a cannula or port placement guide previously
positioned at the port location. For example, a port place-
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ment guide, such as any of the guides described herein,
can be positioned on the surface of the patient. The ro-
botic arm 1804 can be engaged with a docking feature
of a medical instrument. The robotic arm 1804 can then
be manipulated such that the medical instrument is
maneuvered into engagement with or through a lumen
of the guide positioned on the surface of the patient and
into contact with the surface of the patient and/or into the
port.

[0090] As shown in FIGS. 19A-19C, a three-dimen-
sional workspace for an intended medical instrument
and/or a robotic arm can be displayed or communicated
to a user through various graphical rendering means. For
example, as shown in FIG. 19A, a workspace W1 can by
communicated to a user via a computer monitor 1911.
The workspace W1 can include, for example, any of the
port placement guides described herein.

[0091] As shown in FIG. 19B, in some embodiments,
a workspace W2 can be communicated to a user U via
aheadset 1913. The headset 1913 can be an augmented
reality or a virtual reality headset. A port placement guide,
such as any of the port placement guides described here-
in, can be positioned on a surface of a patient. The loca-
tion of the port placement guide can be detected via any
of the methods described herein. The user U can visu-
alize the workspace W2 associated with the location of
the port placement guide using the headset 1913.
[0092] As shown in FIG. 19C, in some embodiments,
a workspace W3 can be communicated to a user U via
light or lasers projected to form a pattern or indicator di-
rectly on a surface of a patient. The light or lasers can
be projected from a light source LS. For example, the
lights or lasers can be projected onto a surface to identify
an area D. The area D may be associated with a proce-
dure or an action the user U is to take. For example, the
area D may represent a suggested alternative location
for the placement of a port placement guide, such as any
of the guides described herein.

[0093] In some embodiments, as shown in FIG. 20, a
predicted workspace can be compared to a pre-operative
model. For example, a computing device, such as any
of the computing devices described herein, can generate
a pre-operative model of a surface S of the patient in-
cluding potential port placement locations. After a user
has placed one or more port placement guides 2002,
such as any of the guides described herein, on the sur-
face S of a patient, the computing device can generate
a predicted workspace (shown on display 2015) based,
at least in part, on data received from tracking elements
from the one or more port placement guides. The com-
puting device can then compare the predicted workspace
to the pre-operative model and any differences between
the predicted workspace and the pre-operative model
can be identified. The user and/or the computing device
can then determine whether to modify the final work-
space layout based on the pre-operative model or to ac-
cept the predicted workspace. For example, the comput-
ing device can identify a recommended alternative port
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placement location AL on the surface S.

[0094] In some embodiments, pre-procedure data, in-
tra-procedure data, and/or post-procedure data can be
used to generate the pre-operative model or to recom-
mend adjustments to a port placement location or a pre-
dicted workspace. For example, intra-procedure data or
post-procedure data gathered based on a previous pro-
cedure of the same patient or from previous procedures
of different procedures can be incorporated into the anal-
ysis. This data can be used to refine algorithms used to
predict, analyze, and confirm port placement locations.
[0095] In some embodiments, data gathered by a
tracking system can be combined with patient positioning
information. FIGS. 21A and 21B illustrate a user U using
a system including a display 2115 and a number of port
placement guides (2102A and 2102B). The port place-
ment guides can be the same and/or similar in structure
and/or function to any of the guides described herein. As
showninFIG. 21B, the user can position a port placement
guide 2102A on the surface S of a patient P. As shown
in FIG. 21A, the user can via the position of the guide
2102A represented as indicator | on a representation of
the patient 2117. The representation of the patient 2117
can be generated based on, for example, patient posi-
tioning information. In some embodiments, tracking data
associated with the guide 2102A can be combined via
the use of a graphical user interface on the display 2115
such that the user can input data including the patient
positioning information. For example, the user can move,
scale, and/or orient a graphical representation of a pa-
tient relative to a graphical representation of a port on a
screen. The user can also identify patient fiducials, such
as indicating the location of the head, feet, arms, and
other anatomical parts, and their locations relative to a
port placement guide. Additionally, the user can map the
surface of a patient using one or more port placement
guide or using a three dimensional scan. The patient
model can then be automatically defined from the input-
ted data. The patient model can be confirmed or modified
by the user. Additional port placement guides, such as
guide 2102B, may be placed relative to other guides such
as guide 2102A.

[0096] In some embodiments, as shown in FIG. 22,
multiple port placements can be compared to pre-oper-
ative plans or a procedure guide. A user can be provided
with suggestions for improved port placement based on
any suitable factors, such as any of the various factors
described herein. As shown in FIG. 22, four potential port
placement locations P1-P4 can be identified using, for
example, a port placement guide, such as any of the port
placement guides described herein. The user could then
be provided with a recommendation that one of the po-
tential port placement locations (e.g., P4) be moved to a
different location L.

[0097] In some embodiments, as shown in FIGS. 23A
and 23B, an arm position can be generated for each iden-
tified port location. For example, FIG. 23A shows four
port placement locations P1-P4. A model of the eventual
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robotic arm positions within the workspace relative to the
port placement locations can be generated. The gener-
ated model can, for example, include preferred pairing
assignments between robotic arms and port placement
locations, preferred robotic arm positions, and preferred
paths or trajectories to the port placement locations. The
preferred pairing assignments, robotic arm positions,
and/or robotic arm paths or trajectories can be identified
for any suitable goal, such as to minimize collisions, to
maximize user access to particular regions of the patient,
and/or based on outcomes/data from previous surgeries.
The pairing assignments can then be communicated to
the user. As shown in FIG. 32B, each robotic arm of ro-
botic arms 2304A-2304D can then be manipulated to-
ward a respective port placement location (e.g., one of
port placement locations P1-P4) on a surface S of the
patient. In some embodiments, the model can also pro-
vide arecommended order of events such that the robotic
arms are moved in sequence toward each port placement
location.

[0098] FIG. 24 is a flow chart of a method 2400, ac-
cording to an embodiment. The method 2400 can include
receiving the location of at least one tracking element
associated with a port placement guide positioned at a
preliminary portlocation on a surface of a patient, at 2402.
A workspace around the preliminary port location can be
analyzed based at least in part on the received location
of the at least one tracking element, at 2404. In some
embodiments, the analyzing can include assessing the
preliminary port location relative to at least one of an an-
atomical feature of the patient and an access location
associated with an intended procedure. In some embod-
iments, the analyzing can include assessing at least one
of a location of a second robotic arm, the location of a
second preliminary port location, and the location of a
second port location. A port location can be associated
with the preliminary port location based at least in part
on the analysis of the workspace around the preliminary
port location, at 2406. A distal end of a robotic arm can
be registered to the port location, at 2408. The distal end
of the robotic arm can be manipulated toward the port
location, at 2410. In some embodiments, manipulating
the distal end of the robotic arm can include automatically
controlling the robotic arm via a trajectory following algo-
rithm. In some embodiments, manipulating the distal end
of the robotic arm can include assistively controlling the
robotic arm via one or more virtual fixtures. In some em-
bodiments, a second location associated with the port
placement guide positioned at a second preliminary port
location on a surface of a patient can be received.
[0099] FIG. 25is aflow chartof a method 2500 of using
a port placement guide, according to an embodiment.
The method 2500 can include positioning a port place-
ment guide at a preliminary port location on a patient, at
2502. The port placement guide can be the same or sim-
ilar in structure and/or function to any of the port place-
ment guides described herein. For example, the port
placement guide can include a base configured to be
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coupled to the patient, and a member coupled to the
base. A port location for a robotic arm can be identified
based on an analysis of a workspace around the prelim-
inary port location, at 2504. The port placement guide
from the preliminary port location can be removed, at
2506. The robotic arm can be moved toward the port
location, at 2508. In some embodiments, the port place-
ment guide can be repositioned at a second preliminary
portlocation and the second preliminary portlocation can
be identified as the port location. In some embodiments,
an incision can be created at the port location. A medical
instrument (e.g., a cannula) can be at least partially in-
serted through the port location. The distal end of the
robotic arm can be coupled to the medical instrument. In
some embodiments, the patient surface at the port loca-
tion can be marked via axially translating a marking ele-
ment through a lumen defined by the port placement
guide.

[0100] While various embodiments have been de-
scribed above, it should be understood that they have
been presented by way of example only, and not limita-
tion. Where methods described above indicate certain
events occurring in certain order, the ordering of certain
events may be modified. Additionally, some of the events
may be performed concurrently in a parallel process
when possible, as well as performed sequentially as de-
scribed above.

[0101] In some embodiments, the systems (or any of
its components) described herein can include a non-tran-
sitory computer-readable medium (also can be referred
to as a non-transitory processor-readable medium) hav-
ing instructions or computer code thereon for performing
various computer-implemented operations. The compu-
ter-readable medium (or processor-readable medium) is
non-transitory in the sense that it does not include tran-
sitory propagating signals per se (e.g., a propagating
electromagnetic wave carrying information on a trans-
mission medium such as space or a cable). The media
and computer code (also can be referred to as code) may
be those designed and constructed for the specific pur-
pose or purposes. Examples of non-transitory computer-
readable media include, but are not limited to: magnetic
storage media such as hard disks, floppy disks, and mag-
netic tape; optical storage media such as Compact
Disc/Digital Video Discs (CD/DVDs), Compact Disc-
Read Only Memories (CD-ROMs), and holographic de-
vices; magneto-optical storage media such as optical
disks; carrier wave signal processing modules; and hard-
ware devices that are specially configured to store and
execute program code, such as Application-Specific In-
tegrated Circuits (ASICs), Programmable Logic Devices
(PLDs), Read-Only Memory (ROM) and Random-Ac-
cess Memory (RAM) devices.

[0102] Examples of computer code include, butare not
limited to, micro-code or micro-instructions, machine in-
structions, such as produced by a compiler, code used
to produce a web service, and files containing higher-
level instructions that are executed by a computer using
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an interpreter. For example, embodiments may be im-
plemented using imperative programming languages
(e.g., C, Fortran, etc.), functional programming languag-
es (Haskell, Erlang, etc.), logical programming languag-
es (e.g., Prolog), object-oriented programming languag-
es (e.g., Java, C++, etc.) or other suitable programming
languages and/or development tools. Additional exam-
ples of computer code include, but are not limited to, con-
trol signals, encrypted code, and compressed code.
[0103] Although various embodiments have been de-
scribed as having particular features and/or combina-
tions of components, other embodiments are possible
having a combination of any features and/or components
from any of the embodiments where appropriate.
[0104] The foregoing description, for purposes of ex-
planation, used specific nomenclature to provide a thor-
ough understanding of the invention. However, it will be
apparent to one skilled in the art that specific details are
not required in order to practice the invention. Thus, the
foregoing descriptions of specific embodiments of the in-
vention are presented for purposes of illustration and de-
scription. They are not intended to be exhaustive or to
limit the invention to the precise forms disclosed; obvi-
ously, many modifications and variations are possible in
view of the above teachings. The embodiments were
chosen and described in order to explain the principles
of the invention and its practical applications, they there-
by enable others skilled in the art to utilize the invention
and various embodiments with various modifications as
are suited to the particular use contemplated. It is intend-
ed that the following claims and their equivalents define
the scope of the invention.

Claims
1. An apparatus (900) comprising:

a base (950) configured to couple to a patient
at a preliminary port location for a robotic arm;
amember (960) coupled to the base via aflexible
joint (962), the flexible joint being configured
such that the member is pivotable relative to the
base, the member comprising a first end and a
second end opposite the first end, wherein the
member is transitionable between an extended
configuration and a compressed configuration;
at least one tracking element coupled to the
member, wherein the at least one tracking ele-
ment is configured to allow tracking of the mem-
ber relative to the preliminary port location; and
amarking element (980) engaged with the mem-
ber, such that when the base is coupled to the
patient, the marking element is spaced apart
from the patient when the member is in the ex-
tended configuration and the marking element
is in contact with the patient when the member
is in the compressed configuration, wherein the
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marking element is configured to mark the pre-
liminary port location on the patient.

2. The apparatus of claim 1, wherein the base is con-
figured to be coupled to the patient via at least one
of suction or an adhesive material.

3. The apparatus of claim 1 wherein the marking ele-
ment is a pen or a marker that includes an adhesive
marker or an adhesive element or adhesive pad.

4. The apparatus of claim 1, wherein the member is
rotationally fixed relative to the base.

5. The apparatus of claim 1, wherein the at least one
tracking element is disposed on the second end of
the member, and the first end of the member is cou-
pled to the base via the flexible joint.

6. The apparatus of claim 1, wherein the at least one
tracking element comprises infrared reflective mate-
rial.

7. The apparatus of claim 1, wherein the at least one
tracking element comprises an electromagnetic
component, an electromagnet sensor or an electro-
magnetic transmitter.

8. The apparatus of claim 1, wherein the base and the
member collectively define a lumen such that, when
the base is disposed on the patient, the marking el-
ement can be inserted through the lumen to contact
the patient.

9. The apparatus of claim 1 wherein the at least one
tracking element comprises a plurality of tracking el-
ements arranged in a pattern.

Patentanspriiche
1. Vorrichtung (900) umfassend:

eine Basis (950), gestaltet zum Koppeln an ei-
nen Patienten an einer vorlaufigen Port-Position
fUr einen Roboterarm;

ein Element (960), das uber ein flexibles Gelenk
(962) an die Basis gekoppelt ist, wobei das fle-
xible Gelenk so gestaltet ist, dass das Element
relativ zu der Basis schwenkbar ist, wobei das
Element ein erstes Ende und ein zweites Ende
gegeniuber dem ersten Ende umfasst, wobei
das Element zwischen einer ausgefahrenen
Konfiguration und einer komprimierten Konfigu-
ration ibergehen kann;

wenigstens ein an das Element gekoppeltes
Verfolgungselement, wobei das wenigstens ei-
ne Verfolgungselement daflr gestaltet ist, Ver-
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folgen des Elements relativ zu der vorlaufigen
Port-Position zu erméglichen; und

ein Markierungselement (980), das mit dem Ele-
ment in Eingriff steht, so dass, wenn die Basis
an den Patienten gekoppelt ist, das Markie-
rungselement von dem Patienten beabstandet
ist, wenn sich das Elementin derausgefahrenen
Konfiguration befindet, und das Elementin Kon-
takt mit dem Patienten steht, wenn sich das Ele-
ment in der komprimierten Konfiguration befin-
det, wobei das Markierungselement dafiir ge-
staltet ist, die vorlaufige Port-Position an dem
Patienten zu markieren.

Vorrichtung gemaR Anspruch 1, wobei die Basis da-
fur gestaltet ist, lber wenigstens eines von Saugwir-
kung und einem Haftmaterial an den Patienten ge-
koppelt zu werden.

Vorrichtung gemaR Anspruch 1, wobei das Markie-
rungselement ein Schreibstift oder ein Marker, der
einen Haftmarker oder ein Haftelement oder ein
Haftkissen enthalt, ist.

Vorrichtung gemaf Anspruch 1, wobei das Element
drehbar an der Basis befestigt ist.

Vorrichtung gemal Anspruch 1, wobei das wenigs-
tens eine Verfolgungselement an dem zweiten Ende
des Elements angeordnet ist und das erste Ende
des Elements Uber das flexible Element an die Basis
gekoppelt ist.

Vorrichtung gemaf Anspruch 1, wobei das wenigs-
tens eine Verfolgungselement infrarotreflektieren-
des Material umfasst.

Vorrichtung gemal Anspruch 1, wobei das wenigs-
tens eine Verfolgungselement eine elektromagneti-
sche Komponente, einen elektromagnetischen Sen-
sor oder einen elektromagnetischen Sender um-
fasst.

Vorrichtung gemaf Anspruch 1, wobei die Basis und
das Element gemeinsam ein Lumen definieren, so
dass, wenn die Basis an dem Patienten angeordnet
ist, das Markierungselement durch das Lumen zum
Kontakt mit dem Patienten eingefiihrt werden kann.

Vorrichtung gemal Anspruch 1, wobei das wenigs-
tens eine Verfolgungselement eine Vielzahl von in
einer Struktur angeordneten Verfolgungselementen
umfasst.

Revendications

1.

Appareil (900) comprenant :
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une base (950) configurée pour s’accoupler a
un patient a un emplacement de port préliminai-
re pour un bras robotique ;

un organe (960) couplé a la base par l'intermé-
diaire d’'une articulation flexible (962), I'articula-
tion flexible étant configurée de maniére a ce
quel'organe puisse pivoter parrapportalabase,
I'organe comprenant une premiére extrémité et
une seconde extrémité opposée a la premiére
extrémité, I'organe pouvant passer étre une
configuration étendue et une configuration
comprimée ;

au moins un élément de suivi couplé a I'organe,
I’'au moins un élément de suivi étant configuré
pour permettre le suivi de I'organe par rapport
a I'emplacement du port préliminaire ; et

un élément de marquage (980) en prise avec
I'organe, de sorte que lorsque la base est cou-
plée au patient, I'élément de marquage est es-
pacé du patient lorsque I'organe estdans la con-
figuration étendue et I'élément de marquage est
en contact avec le patient lorsque I'organe est
dans la configuration comprimée, I'élément de
marquage étant configuré pour marquer I'em-
placement du port préliminaire sur le patient.

Appareil selon la revendication 1, la base étant con-
figurée pour étre couplée au patient par I'intermé-
diaire d’au moins I'un parmi I'aspiration ou un maté-
riau adhésif.

Appareil selon la revendication 1, I'élément de mar-
quage étant un stylo ou un marqueur qui comprend
un marqueur adhésif ou un élément adhésif ou un
tampon adhésif.

Appareil selon la revendication 1, 'organe étant fixé
en rotation par rapport a la base.

Appareil selon la revendication 1, 'au moins un élé-
ment de suivi étant disposé surla seconde extrémité
de l'organe, et la premiére extrémité de I'organe
étant couplée a la base par I'intermédiaire du joint
flexible.

Appareil selon la revendication 1, 'au moins un élé-
ment de suivi comprenant un matériau réfléchissant
les infrarouges.

Appareil selon la revendication 1, 'au moins un élé-
ment de suivi comprenant un composant électroma-
gnétique, un capteur électromagnétique ou un émet-
teur électromagnétique.

Appareil selon larevendication 1, labase et 'organe
définissant collectivement une lumiere telle que,
lorsque la base est disposée sur le patient, I'élément
de marquage peut étre inséré a travers la lumiéere
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pour entrer en contact avec le patient.

Appareil selon la revendication 1, 'au moins un élé-
ment de suivi comprenant une pluralité d’éléments
de suivi disposés selon un motif. 5
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